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and identification of critical structures. Image registration has been widely used to combine 27! information from multi-modality images such as computerized tomography (CT), magnetic 28! resonance imaging (MRI) and positron emission tomography (PET) to improve the accuracy of 29! radiation delivery and reliably identify tumor-bearing areas. Many different techniques have 30! been applied in image registration. This review provides an overview of medical image 31! registration in RT and its applications in veterinary oncology. A summary of the most commonly 32! used approaches in human and veterinary medicine is presented along with their current use in 33! IGRT and adaptive radiation therapy (ART). It is important to realize that registration does not 34! guarantee that target volumes, such as the gross tumor volume (GTV), are correctly identified on 35! the image being registered, as limitations unique to registration algorithms exist. Research 36! involving novel registration-frameworks for automatic segmentation of tumor volumes is 37! ongoing and comparative oncology programs offer a unique opportunity to test the efficacy of 38! proposed algorithms.
39!

Introduction
41!
Imaging data from multiple anatomical and functional imaging studies is becoming a 42! routine component of veterinary patient management for a variety of medical and surgical 43! conditions. Spanning from initial diagnosis to determining therapeutic options to assessing 44! response or recrudescence of disease, these data help direct decisions regarding disease 45! management, efficacy of treatment and patient outcome. While computed tomography (CT) and 46! magnetic resonance (MR) imaging are readily available in veterinary medicine, novel imaging 47! techniques such as molecular imaging offer complementary information to aid in disease 48! recognition, extent and treatment planning. In order to optimally use information gathered from 49! these various techniques, the data must be easily compared despite differences in image 50! acquisition and presentation. Image registration is defined as the process of aligning two or more 51! images from the same or different imaging modalities to allow for data mapping (data fusion) 52! and interpretation. While registration carries importance across imaging disciplines, the purpose 53! of this review is to provide a broad overview of image registration and data fusion techniques 54! used in radiation therapy (RT), given the high frequency with which it is utilized and radiation 55! oncologists' reliance on registered images. While RT is the focus of the review, the principles 56! outlined for registration techniques can be broadly applied to non-oncologic applications. 57! It is estimated that greater than 60% of human patients with cancer will receive RT and 58! although there is no similar strong data in dogs and cats, RT has become a common therapeutic 59! modality in veterinary oncology. 1 There is a large body of evidence supporting the use of RT for 60!
optimal local tumor control, therefore identification of the tumor volume is of utmost importance 61! when determining a treatment plan or evaluating changes in tumor volume. In practice, medical 62! images acquired from different imaging modalities are used to guide the entire RT process from 63! the initial treatment plan to fractionated radiation delivery through to dose verification. While 64! radiation oncologists have always been guided by images in some form, the advent of image-65! guided radiation therapy (IGRT) has revolutionized how integral images are to modern radiation 66! oncology. In a broad sense, IGRT may reflect any aspect of RT that utilizes imaging to improve 67! treatment, such as weekly or twice weekly portal imaging. In a stricter sense, IGRT refers to 68! contemporaneous functional and structural imaging to improve target delineation, adjust for 69! target motion and/or uncertainties in patient positioning, and potentially adapt treatment to the 70! response of the tumor during adaptive radiation therapy (ART). 2 While radiation oncologists are 71! highly dependent on image registration to ensure that IGRT is successful at targeting tumor and 72! limiting dose to adjacent normal tissue, the underlying process is complex and often not fully 73! explained. A typical IGRT process, using veterinary images as an example, where image 74! registration is vital in order to merge information from multi-modality images and therefore 75! provide an accurate guide for radiation delivery is illustrated in Fig. 1 .
76!
Image registration provides a geometric transform that makes it possible to map 77! information between the images, often with sub-pixel resolution. As the use of multimodality 78! image data in RT increases, medical image registration is essential to combine the information 79! from each modality. As a result, it has become a very active area of research. 3 Images utilized in 80!
RT can be registered to obtain comprehensive information regardless of patient positioning, time 81! point with respect to therapy, or type of imaging acquisition.. Registration may also be used to 82! combine multiple images from the same imaging modality, 4 or to combine information from 83! multiple modalities such as CT, MR imaging, positron emission tomography (PET) and single-84! photon emission computed tomography (SPECT). 5 The assumption that rigid movement of anatomy occurs globally is incorrect in any 121! number of situations, therefore limiting widespread use of rigid registrations for sites other than Optimization is the process used to search for a numerical value produced by the similarity 156! function, which is indicative of when the best match between the images has been found. The 157!
goal of the optimization algorithm is to find a maximum or minimum value of the similarity 158! measure accepted; it is common for optimal registration to be accomplished when the similarity 159! measures are defined by their minimal value. It is an important step in a registration method 160! because the similarity function can often produce several local minima, which produces sub-161! optimal results. 162!
163!
Assessment
164!
The obvious motivation for registering images from different studies is to map clinically useful 165! information from one study onto another, for example in treatment planning prior to radiation 166! delivery. If data can be successfully fused, radiation oncologists can then map tumor volumes 167! such as the GTV, clinical target volume (CTV) and planning target volume (PTV) or organs at 168! risk (OAR) directly onto the CT needed for dose calculations (structure mapping). 40 Therefore, 169! relying on the ability of a bespoke software system to adequately register images is of utmost 170! importance in order to adhere to current radiation guidelines -namely to appropriately outline 171! tumor volumes and limit normal tissue toxicity. In this vain, it is important to realize the 172! difficulties in accurately validating the performance of a complex registration method. In some 173! cases, a registration algorithm can be assessed using phantom data, 47 (Fig. 5 ). The Jaccard index and Tanimoto coefficient (both vary from 0% to 181! 100%), which can be calculated directly from the Dice coefficient, are also used to measure the 182! similarity between regions. However, they need prior knowledge (contours of the same region) 183! on both reference and target images. be needed to improve alignment (Fig. 7) . Dose delivered to patients throughout a treatment 258! protocol also rely on accurate patient positioning and registration (i.e. daily cone beam CT 259! registered with treatment-planning CT) in order to sum dose delivered over time; monitoring of 260! dose deviations from the expected distribution allows for intra-treatment adjustments in order to 261! better target tumor yet limit normal tissue dose. Little veterinary literature has evaluated the 262! utility or validity of various registration algorithms other than an early study demonstrating an 263! in-house computer program that was developed for brain imaging. 22 This study highlighted the 264! widespread potential of image registration by evaluating corresponding images from CT and 265! MR, CT images before and after surgical treatment, and CT and post-mortem cryosection images 266! in dogs or cats. 22 Currently at our institution, for follow-up imaging, standardized response 267! criteria are applied when assessing tumor response following treatment. 58 dogs with sinonasal tumors. 70 Dogs in this study underwent a radiation-planning CT scan that 287! served as the reference dataset; bony anatomy from pre-radiation PET/CT scans was registered 288! to the bony anatomy of the radiation-planning CT; rigid registration using cross-correlation 289! resulted in affine transformations that were applied to the corresponding PET images. The 290! translated and rotated PET matrices were subsequently resampled using a spline filter defined by 291! the reference PET image that was obtained at the same time as the treatment-planning CT. 70 
292!
While complex, the registration process ensured that each voxel index of the pre-treatment 293! PET/CT scans corresponded as closely as possible to the same region in the post-treatment FDG 294! PET image for each patient, enabling assessment of changes in tracer uptake. 70 Imaging and 295! registration advances will undoubtedly lead to more work being performed in a similar fashion 296! and may alter current criteria for response assessment and/or response prediction.
298!
Proposed Advances in Veterinary Image Registration 299!
In general, RT is delivered to patients over the course of several weeks in both human and 300! veterinary oncology. While the GTV, CTV and PTV are currently considered standard targets in 301! radiation oncology, the PTV is created to make sure that dose plans are robust to uncertainties. 71 302!
The GTV and CTV are oncological-anatomical concepts, which are heavily dependent on the 303! experience and judgment of the radiation oncologist and radiologist. The PTV, on the other hand, 304! is a geometrical scheme used for treatment planning in order to ensure that the prescribed dose 305! targets the CTV. 71 Alternatively, one might view the PTV as decreasing the risk that patient 306! positioning, setup uncertainties, and OAR or target position uncertainties will lead to a severe 307! under-dosage of the CTV. As the impact of setup uncertainties decreases with IGRT, the CTV to 308! PTV margins may be reduced, thus decreasing normal tissue toxicity. Taking this a step further, 309! if diagnostic imaging, interpretation, and registration with the initial treatment plan are 310! performed frequently while a patient is on therapy, the treatment plan can be "adapted" to 311! optimize tumor control and minimize normal tissue damage.
312!
ART is defined as changing a radiation plan during RT to account for anatomy or biology 313! changes of the patients. 72 points within one fraction (on-line). 73 Identifying changes in the GTV between images acquired 318! for the purpose of RT planning and images acquired for the purpose of assessing response to RT 319! is challenging. This is mainly because of: 1. Uncertainties in soft tissues and internal organ 320! motion; 74 2. The response of the GTV to radiation or other treatments is difficult to predict, 321! which may cause anatomical changes; 75 3. Distortions or contrast variability between different 322! modalities, which makes it difficult to register the information between multi-modality images. 76 
323!
To overcome these difficulties, image guided adaptive radiation therapy (IGART) is the most 324! reliable method for a comprehensive ART approach. 77 Research into known, documented 325! uncertainties in soft tissue and organ motions in prostate, 78 
